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Nntbonnl, Aerul\irub L C &  and Bpncu Adtsinirt rn t  ~ Q I I  
L w i r  kererrclr Uentcr 
CPevelnnd, U h ~ o  
A uariuv o t  t e s t s  i s  c u r r e ~ i t l y  L e i q  condurced 
using t l ~ c  DOE/NA!iA 100 hW P x l ~ e r i m e ~ ~ t a l  Wiud Tur- 
bine wit11 n two-bladed, tectarecl r o t o r  with 30% 
apart t i p  cont ro l ,  I ' ral i~alnary avnluacia~l  c o w  
r e s u l t s  iadicnces  thnC ~ I I *  tue tarad  r o t a  a igu l l i -  
futrt ly d e c r a a u ~ s  land# nn rhe ynw d r ~ v a  mucl~n~llu~, 
ai~d rsducea blntla c y c l i c  ILt~llwttlu beridsng IttonleriCs 
by 25% r t  t h e  20% sprr~r 10ci1tl011 wlte~t s o ~ r ~ a r e d  t o
g i g i d  hub ro tor .  Tlie t ca t e r ed  hub pudonned wol1 
but tlitl is~prrct the  t a c t s r  uivl R 011 uccesioii as  
r r i ~ ~ d  npued n ~ ~ d / n r  d i rcc t ior l  vi miad rapidlyr  Tile 
t ip-contro l led  rornr perLotinerl an t i s l acLor i  ly wit11 
@an@ oxpectad Lnsll of coutro?, ,~'~:BII cornparad t o  tire 
l~rl l  spati p i t c l ~ n b l e  blods. Jhe pcrCon~~.lnce re- 
s u l t #  Lt~dica te  tllnt n review of, f ~ ~ l ~ t i i q u a s  sed t o  
ce lculntu  r o t o r  power i s  i n  order '  
Tlte Mod-C) 100 kW Bk1reri111oncnl Wind Turbi~le 
locc~ted lrcnr Ss~idusky, Oliio, hne eervctl all Ll~o 
t e s t  bed Ear tho U.S. Lnrge Ilori.z,ont&rl h.1~ Wind 
Energy yrograln e i r~co icn  itiit in1 operntioii ill 
1915. Tllc mnclrine uuu Jcrigtlrd anti fabricmtdd dtid 
I\ee beail oporntctl by tllc NASA 1.cwiti Rcsc11rc11 
Catrter u ~ i d c r  tlre d i r e c t i o u  Q L  the  U.S. Uepart~acnt 
aP Baargy. blnay co1rce~3tu cu r r en t ly  used i n  lnrgu 
h o r i z o ~ ~ t n l  rrxis wind tur.binc d o e i ~ l l e  Were i n i t i n l -  
l y  cvaluatud on tlrc Nod-0 111nclri1l~. 
'Slla t ce t c r ed ,  t ip-controlled ro to r  tentu  con- 
t i ~ i u e  t h i s  t r n d i t i o ~ r  sntl ttro tluaigncd t o  nbtnin 
operating oxperiulrca with 1110 unttto type o l  roLn)~ 
which w i l l  be usod on t l ~ c  Nod-2, 2 , s  IW Wind 'Pur- 
bine cu r r en t ly  under consCruclion. Teatti worc 
co~~duc ted  oti clie t eo to r rd ,  t ip-contro1lcd roLar Lo 
detanni~ta  s tercup,  dlrc~rdown und power contro l  
chnrnctn , r i r t ics  anti norodynnlnic perl  olinnncc of the  
t ip-contro l led  rocur arrrl Ll~e reepolrse ol Chr Lac- 
tcrcd r o t o r  uador 1ion11n1 opc3rnEion. l'llc Iiub wns 
cleeiyncd witli tllc capab i l i t y  Ear cotrvarLing tho 
toutcrud I ~ u b  t o  s r i g i d  11ub and tcuCt~ wote ruli i l l  
tlic r i g id  hub 111oJe ko provide dntn f a r  co~npering 
r ig id  n~id tcecorud hub blade lunds. 
lrruLi~ainnry data  prcncntcd ir! ellie papar rlu- 
s c r ibe  t ee t e r ed  ro to r  rceponoo, n coilllrnriuo~i of 
blatlo bctldir~g ~~ la~acn t s  and yuw loads f o r  t e c t o r ~ d  
and r i g i d  hub opcrcrtion and pcrIo~mnncc of tllc 
t ip-contro l led  ro tor  ne it r e ln t c s  t o  powcr output. 
Tlic t c ~ t o ~ c d ,  t ip-controllerl  roLor t a s t e  were 
cot~dirctud on tlrc Elod-O 10U kW Expc3ri1no;rcaL Wiud 
Tutbirrc wlticli 1111s bee11 deacribocl p r a v i o ~ t l l y . ~ * ~  
The wirrd ctrrbl~ro w i t 1 1  t l ~ o  uxccptiun oE tho rocor 
wns e s s c n t i n l l y  uncha~~ged rind i s  depic tcd  in  
F ig .  1. Tho ro to r  in dow~rwind 01 t h e  tower nutl 
t l ~ a  1111ce11e w n u  t i l r r fd  M0k/2Q t o  )rravidu tawur 
c l e r r u ~ ~ c r  f o r  Llie 1111canurl rotor.  Tlitr r o t o r  ~ p ~ e d  
wnfl 53 ~ ~ I I I  w i t \ \  a Jc ivu r re i l r  s l i p  of 5.3% n t  e 
100 kW. Wind o p c ~ d  a~rd  ) r a c ~ \ l l a  yaw angle irrn roua- 
surcad on tlre n n o e ~ ~ ~ ~ l a r u r / w i ~ ~ d v ~ ~ t i ~  mouc~tud afop the  
~ ~ a c e l l e  ria til~own l a  Fig, 1, 
'Powrr. The wir~d turbine  i s  111uu11ccr1 on t l ~ e  
. --.- * 
tlod-0 oprn Lruss Lower; bowover, ell ndj~rstrrblP 
sprLny baac lrno beat\ ridded LO provide cnpnbi l i ry  
Lor siinulncirrg v a r i o u ~  EoWc?r I l c x i b l l i t i s e .  
'J'l~a Lower EirsL c a ~ ~ t ~ l u v a r  butrdieg frcclua~~cy i o r  
tl1in Lest conl igura t ion  wan n~unsurod t o  ba 1.6 t o  
1.7 llx u r  2 .9  Lo J. 1 times the  ro to r  spueJ t i t  
43 rprlb Tustu nru p l a n ~ ~ e d  wit!! t he  cower in a 
more Llexible co~iKigur:~tion, llla f l e x i b l a  tuwur 
bsrru atids 3 Cear LO t t r ~  nncal kc? c c n t c r l i n a  Iraialrt 
placing i t  103  feu^ ~ ~ b o v ~  t h e  ground a t  tlla tower 
ccrnerrlinc. A ske t c l~  oC tllu wind Lurbitie I I I O L I I I ~ C ~  
on EI IC  tower w i t 1 1  t he  f luxibla  base i u  s l ~ o w ~ ~  i n  
Fia. 2, T l l i ~  f igure nlno prcuclicr parameter d e t i -  
nit iorrs nnd s ign  corivcn~lorrs pnr t i~ ie i r t  t o  tho 
pnper, 
Itotor. The Loetared, t ip-co~rtrolletl  r o ra r  i u  
--- 
t lel~icl~ud in  Pie. 3. Tl~e r o t o r  is unconed. l'lio 
ttladr.6 t t a v ~  A 23% rooc cutall t  nnil a JOx spa11 
piccliablc t i p .  Tl~c blatlc ueclion i s  a NACA 2JU44 
tb i r iu i t  Erutn root Lo t i p .  Spead nrrd power con t ro l  
i s  uc11ievc.d by i>itclrirrg tlic blnda t i p  rbuut i t 5  
25% r l~o rd  p v i ~ ~ ~ ,  The t i p  i s  cnpcible o t  p ~ l c l i  
crrlglr c l~n~rgcs  Iron1 *10° t o  - 9 0 0 ~  LI IO  f u l l  
LcaLhar p o s i L i o l ~ ~  Tllc Lip i s  drivcn by 11 Irydrnu- 
t i c  nclutitor a t ~ d  t l ~ a  rucor i n  stopped by Tzr~Ll~cr* 
ing t l ~ c  bladc r i p  r t  ti r n t e  O P  20 I)er sccotrG, 
llotor and blada cl1nrncterinLic8 oru prcsuatcd in 
Tublc 1. 
Rotor di81lldLor, CL . . . . . . . . , . . 124.5 
l l o o ~  ctrkout, X opan. . . . . . . . . , , 23 
l'ip conLro1, X: spun* . . . . . . . . . . 30 
Ulndc piLcl~,  i ~ ~ b ' t l  rcctiotr, tlrg. . . , . Zcro 
Ai r fo i l  (rooc LO ,kip). . . . . , . NACh 23024 
Tnpor. . . . r , I . . . . . 6 . . . Li~ ien r  
' C w i n t ,  dcg . , 4 . . . . . . . . . 6 . , Zaro 
SoliOity . . . . . , + , . . . . + 0.033 
Prcconu, dcg . . . . . . . , . . . . , . Zero 
Elax. eoeter  111otio11, tlcg. . . . . . . . . . 2~ 
Rotor specil P 100 kW, rp~n. . . . . , . . . 33 
l)rivc trnitr  s l i p  @ 100 hW, perccnl: , . , , 5.3 
Ul{~de r o i g l ~ t ,  l b  . . 6 . . , . . t , . . (to00 
Blarla 1,ock llumber . . . . . . . . , . 6.5b 
IlXadc f i r s t  cnn t i l evc r  bonding ;rcquency 
P l n p w i a c - l l z .  . . . * . . . . . . . 1.76 
Etlgor*iuc - IIz + . , + . . . . . . , 1.90 
Tl~c tecterctl  hub i s  dcpictutl i n  Pi&. 3 and w~rs 
r!anig~icd t o  mnte w i t 1 1  t he  Mod-O low tlpe~rl s l ~ n f t  c~c 
Fllc or ig ion l  Irub-liliuft i ~ i t e r f s c c .  The Iiub lraa tlic 
ccrpabiliky oC oparnting us a r ig id  n e  wall  a s  a 
tcctorod I~ub. Thc cll i~r~ge fro~lt tcecorcd t a  r ig i t i  

~ p l ~ .  Tllrr could be chr tcvul t   it r3etrbdylretaac 
kosseu caused by l ~ ~ g l l  bfatle f lnjqik~r$ V'IO~LCIL~LI. 
Tlis paver  ~ o c i l l n t  ~ o t i s  currued bv ~ I I R  c*rit>lrr  
accolar r r t io~l  &re  X ~ J U P O J  by t h r  f lukd c'ouplr~ig 
u l~ i eh  i~ i t roducru  5 ,  J 1  o t  uk&p itr klrs dr rve  Lr r in  
a t  100 kW9 TI~ose poor- o u r ~ l l n t r o n u  would rip- 
!roach 2ldO kW f a r  n iyld d r ive  trnkri wirll 
-bQ of ceitser ~ ro t i an ,  
A okor t  t e n t  W ~ I U  run wrtlr r l ~ e  t ee t e r ed  xotrrr 
t o  da tomti~ie  bow ell& racor t i l t s  with L I I ~  w ~ u d  
turblae  a t  vclrrowi yilw nnplev r t~ la t ivc t  t o  the  
wliid. For this r u # t  EIle ~nnclri~re yrrw c u n t r o l l a r  
w n u  aliut OIL n~td tlie wirld turbtne  wnu unt ilk uzt- 
n~c~tlru co produce averngr ynw anglen of *Jt)r!, 
00 and +30% Mitll tlie wind Lurblire neimutli 
held car \s ta~r t  t l ~ c  rator p u r ~ t ~ o ~ l  n t  wl~ich tire 
blade c i p  i e  a t  L C @  ~~rnxis~wn upwrcrd P O R ~ ~ L O I I  WBU 
decurmitiud. For tlir dow\w~~rd ro to r  rllrr qrwi~rd 
pouikiori S\\drcntus tho point 01 c loacs t  t t n v e l  Lo 
t l ~ e  touu 1.. hyrproxinmtely 10 l u t b r  r r v o l u t ~ o n n  
were inclurlcrd a t  escll wind t u r b ~ t t c  azi~nutlr &in4 
wind# ranged front 15 Lo 40 ~nplr d u r ~ n g  thr* EeHt. 
Tliu r i t ~ u l t r  Are e l~ov~r  i a  Pig. I wh~cli ~ n d r r r r t r s  
tliu rup%un over tlre ro to r  d tsk  where t l ~ e  blndc t rp 
rccl~ievrd i t s  ~~ruxirnw~\ u[twiad pos i t i on  Lor each 
rverngc yaw angle, TIlLt meclrt~n illid tlre rc&lolt 
u11icl1 cantnine  b8X o l  Clrc dntn 1.8 LIIJI~.J~PLI. 
Ncyntive yaw I I I Q ~ C P  a r e  n\oaC ~ r ~ t t c n l  Lr~lfri ~ 1 1 8 '  
v i cq>o in r  o f  tower c lenraircr l o r  t h i s  ~ ~ I ~ W I - I I ~  
ro tor  r o t n t i ~ r g  in  tire drructir ln indicatcrlr  
During uC~irLup ;rnd sliutciow~r C I I ~  Eectcred roLoY 
hie  elra t e e t e r  $ c o ) ~  nt  ro to r  rpceds below 15 o r  
20 rpm. Theref ore,  Loatered hub dcs ig~ru  al~uuld 
pravlde 81 lock-out devtcc o r  make otller grovleions 
fo r  I~nndl ing low spec4 opernt ion. 
Rotor lufldHe Ulitrle bcndrng nlt)~!lctrCa n~casi~l"ii 
----a*-- s - 4 -  d 
i i r  the t c e t  a r c  pranantctl rn Flp,nt 8 d~id  !l ~?l~owitrp, 
tlic f lapwine and chordwirr* monlcnta i ~ t  b l rdc  sLn- 
t i on  151. (Flnpwise bcrrding occurs wlreil thc  bliidc 
lllovea pe rpo t~d ic r~ lu r  t o  t.111' ~ L B I I C  oL :I\P i\\Cor u ink 
nr~d cliordwi~u bending 1 s  beading 111 tbc  lrlanc a1 
t l ~ u  ro to r  d i *  k, Tllo bcnd111~ Irrtbn~t*llt P a r e  IrrcY 
nunted nu IIIL?#II\ ntid cyc l i c  nioii~r*liCa vcrsun avcrrl&o 
~ i r c c l l c  wind rl~acd, Tlic b ~ n d i n y  aioacrrtn wrrc tncil- 
sured a t  b l rda  l i tntion 141, Figt J, arid l o r  tlrc 
lover wind fipucde n co~ilpilriso~r o l  rrgLd tllld GCc- 
cored hub bcadinp ~r~o~r~c~nLe i s  slruw~i, 
Tlre vocnn vnlue of llnpwise bonding i ~ ~ c r c a s e n  
i n  value nri t l ir t~~iL on t ? ~  rator i n ~ r e a n c e  111tLik 
rnted uiird speed i u  ro .,~.d, aL wliich poi~ic  tho 
banding loch1 dccronscs an tho c h r t ~ s t  on tho F ~ L O I '  
18  clecrai~tied t o  IIIC itlcnin C O I I H ~ I I I I C  ~)I)YIII~, 11s the 
wind n)~aed con t i~~uc r l  co itlcrcasc. Tlla tncitrr cliord- 
v i se  band ing 111oniant a i~rcrcnnc 11s tllc powc~' in-  
crcnscs t o  rnkctl veluc a ~ d  rc~tinine n t  t l \ i s  l c v a l  
providing cOl1iIFtIItE ro to r  torque Crotn rated wind 
rpcad t o  cut-OIIP w illti e p e ~ d .  
Hll~du Inolncnts Cor clrc r ig id  lrul) cciuo nrid t l ~ o  
tee tered  hob cnsc allow no npprccinbl' t l i l lcranr,e 
i n  t l ~ a  moan flnpwise mo~ira~rta nd i n  1I1if cl~ordwitic 
s~cn~ants. Howcvcr, tlre toc tcrcd  r o t o r  c a w  nhows n 
dscrcitse of npp~*rrria~ntoly 252 i n  t11e cyc l i c  f lap-  
wire I I IOI I ICI I~  i n  bo'11 Cl~c inediii~i r~nd the  84th pcr- 
c a n t i l e  valucri wlrct~ compt~rcd t o  t l~c'  r ig id  hub 1110- 
metits. T l \ i ~  i t{  due t o  tlrc f t ~ c t  t h a t  i l l  CI IU  cue- 
ccred r o t o r  cnse rl por t ion  oC rhe f l s p v i ~ n  moments 
arc  Convcrtctl i l l to ctlctee ~nocion zr~l t l  a r c  P C ' H I Q ~ C ~ ~  
by dis t r ibucud t ~ e r o d y ~ r n ~ ~ ~ i e  nntl i ~ l c r t i a  forces.  
F I A ~ W L O P  ~ I , R ~ B  bendrng srwcnts wore a luo  *err- 
aurrd  nt  aL#tIon 541 un sliu blade ravzubld t i p  but 
Kl l r ' r~gid  h i ~ b  ~ I J  tuefsr r t l  lrub blade g~xuet\tn Vera 
e sucn r i a l l v  t he  same 4t  ~ l i i r  outboard atiit1onl 
Ynw_kaods. k11 t P s t i ~ r g  K112 two corllt&urnt lonw, 
r l K I i  lutb and t e v t @ r r d  Iri~b, a s lg~i i fac i~l lC d l l f e r -  
eirr'e wne notctl $11 CIte t o rce  rctquirad t o  re8t rn i i r  
Cl~s mdchtne 111 ynwr For t l ~ u  r181d hub c n ~ ~ t ,  , I \  
cunrtnnr ynw brake praauurc a l  JOO t o  600 p r r  van 
requlr rd  l o  obta in  un t r~ f r l c to ry  opurrt iun of t l ~ e  
nrachirrc wiiert+is Lor tl10 taC'Eerad 11ub roLor cnue 
tha wrnd c u r b ~ n u  could bc oplbrntud rnt , ir lncLorily 
without t h o  yaw brake. Ilowrvctr, khu i~rnclrilrla wirtr 
t h r  r r e tu rcd  hub wi~a r ~ u u i ~ l l y  qcit'nteu v i t h  41 yaw 
brakt+ l)rr?esurc oi: $0 p s i  end, in l so ln ted  in* 
etanww rtren the  t ee t e r ed  bub ro to r  h i t  Llru seo)!u, 
s igni tkcr t r t  Lorcea were f rnnsnritt;ed t o  ill@ ynw 
drrve  II# ~ ~ l d t ~ a t e d  41bov~. kt ndeqt i~tu  Ireedoln f o r  
tct-Ct*r tnaftoti wctc* ailowetl III the  drsigtr, t he  yaw 
bti~ki* would be UliIIi.Cotr&Klyr 
KaCdr p r r f p ~ n ~ ~ c t + - n n d  ~~IICI~. bfcneured powar 
o t ~ t p ; ~ ~  versus avel,rge nrrcelle uirrd rl)ued i~ pre- 
seared i r~ Fig. 10, F l~a  r o t o r  perlonliad wel l   ova^ 
the o l i e r n t i ~ ~ g  rnngu of vl~it l  speeds sad na problems 
were expericr~red wit11 etnrt \rp,  dontro l  or s h r ~ r d o w ~ ~  
01 tlie rutor.  ilowcvrr, r o ra r  slzrrtup nnd al~utdouri 
were rlowcrr. thntt with s Lull  spnir p i t c l ~ a b l e  
blade, I h ~ t r  w i l l  LIP nvnilnble n t  rr l t r tar  da ta  
d c C i ~ ~ i r ~ g  rL t~ t tup  nrid sln~tdown clrc~r'nclrricitics i n  tr 
Inore cluanc l t i l t  iv.! rnnnttcr. 
T~rc progrms used t o  cnlctrlata rotor' I i ~ ~ ~ ~ Q  
i n d  ~ c a t r d  chat: chc ru ro r  would \rot mrriiittiin r8tc.d 
pawcr output A C  wit~d efeedn above 29 ~npli dtic t o  
Lha onsat of urn11 on inboard por t ions  ciC Lllc 
blndrl at: Irifillsr wind s l~ccds ,  Tha progroal unes two 
dnnt*trtiianal ~ L I ' I U I  I r l i ~ t ; t ~  wl~icl! BIIOWH Llle O I I ~ E C  01 
e t ~ l l  at. src t ior i  R I I ~ ~ U ~  u i  nttaclc (11 15.50. l f  
Lltls were t l ~ c   IMP, tllc CIrllre blndc would be 
~ L i ~ l l e d  a t Jd rptr and 00 1np11 witli a zero t i p  p ~ t c h  
dnl:lc. 11ie rc11ulLs of t l ~ c  c i~ l c t~ ln t io i in  nre  shown 
i n  Fig .  10 with tlrcj trowcr drol pint! o l l  Lo zero on(. 
J'i aiplr. Tlrc hlou-0 LcrLn d i l l  I ~ L I L  illd~c11t.e ni~y 
t@rr~l '~~r~y t o  l o sc  p3war irt Ir~glrcr wirrrl speeds n\\d 
a l r r t ~ i n L o r  oc~Cput powrr rrs~nincd n t  LOU LW 
throrr&lirrt~l; tlrc opcrnf ing wind npced riln&:e t o  
hQ rripl~, lilailc p i t c l ~  n~nglcs were caatinuoutily du- 
cresscd R O  tlie wirld s11eci1 i ~ ~ c r e i ~ ~ e d  up CD 140 111p1r. 
Piguro 11 ulluwa t.ircec rc8u1ln at11 t o  n wi~td epcad 
of JJ ~i~plr ttiiil l a t e r  t e s t  resulLs indic~l lc '  Lhnt t h e  
L P ~ I I ~  corrti~rueu Lo O U  1ilp11. Tl~e LI*IIC r c su l t s  
clertr ly i n ~ l i c n l a  El~lrt: 111odificnLio11u t o  L I E  roco~.  
power pronrilei a r c  rcquit8etl i n  t l ~ c  high wind spcred 
region l o  nirconrrL lor tlra delayed s t a l l  wl~ich oc- 
cure in t l ~ c  renl  world. 
P r r l l a i an ry  cvcilucttiun ot. cha t cc t c r ed ,  t i p -  
c o ~ r l r o l  r o t o r  L@nlfi 1111 tile Nod-0 100 kkl wind Lur- 
bin* l s i ~ d  us Lu C I I C  Collowing cotictuuioau baficd ~ I I  
tlic! retlt r e su l t s .  
1. 1'11s tcc tcrcd  ~ o t c s r  reduced cyc l i c  flnpvifl' 
Iilolacncs by 258 nt 20; a l  t l ~ c  blade spnn wlrctr cool8 
pnred t o  ~ ~ i g i d  Irab tttwncntn moisured nt; ~lrrl HtlnlC 
loention.  No chn~rfic? wae   lo red i n  cyc l i c  Llnlrwiec 
moll\enre n l  72% of PI)RII. 
2. I t  i s  dstimrted tha t  the teetered rotor  
reducer yaw loadc by an order  of magnitude wl~e~! 
cmpared with the rlpid hub rotor. The yaw brake, 
required for  ratiwfactory rigid hub operation, i s  
not required with the teecerad rotor. 
3. Teeter angle avnplltudes rarely eeeeded 
230 i n  rterdy wind conditions; Couever, when 
sudden chanper i n  wind rpaad andlor direction oc- 
curred, the t e e t e r  angle rlnplituder occarionally 
increared rn 260 nn3 h i t  the t e e t e r  atops 
t ranrferr ing high load8 t o  rha nacelle and the yar 
drive. Yrovirionr must be made f o r  h a n d l i i ~  these 
extreme coaditions in  future derignr. Predicting 
maximum tee te r  notion i s  elle moat c r i t i c a l  deoign 
problem. 
4. A t ee te r  lockout device rl~uuld be provided 
f o r  low rpm operation during rtavtup and rhutdoun 
conditions. 
5.  The 30% span t i p  control rotor  perfonned 
rat infactori ly  wit)\ eomc expected loss  in control 
as  demonstrated by rlower atarcup and shutdown 
when conpared t o  a fu l ly  pitchable blade. 
6. Techniques Cor calculatiorr of rotor power 
rhould be reviewed. Test rerulto indicate that  
s t a l l  prcdictionr from two dimenrional a irEoil  
data a re  inadequate f o r  predicting r t a l l  on an 
operating wind turbine rotor. 
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Figure 1. - Mod-0 100 kW wind turbine; Nacelle interior with teetered hub. 
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Figure 2 - Mod-0 100 kW of wind turbine with teetered, tip control roior. 
Ib) TEETERED HUB. (c) TIP CONTROL MECHANlSlK 
Figure 3. - Mod-0 rotor details. 
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Figure 4 - Cyclic teeter angle, 
TEUER STOP 
------------- , M U  VALUE 
brt PERCENTILE 
MEDIAN 
16 PERCENTILE 
TYPICAL MIN, VALUE 
TEETER STOP 
.l .I.---*--.-.lr.l. . . .L-.c- 
0 4 '  8 12 16 20 24 28 32 # # 
AVERAGE NACELLE WI  NDSPEED, mph 
fb) -15' <YAW ANGLE (-5'. (c) -50 < YAW ANGLE <5O, 
f igure 5. - Cyclic teeter angle versus average nacelle wind sped. 
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Figure 5. - Concluded. 
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Fkwre 6. - Rotor impact with leoter stops - time history 
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Figure 7. - Range of rotor poiitinn at which maximum teeter angle 
'curred for three avttraqe yaw angles. 
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Figure 8. - Comparison of blade flapwise bending moments, 
teetered and rigid hub at Station 151. 
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